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ABSTRACT
We report the first unambiguous quasi-periodic large-scale extreme-ultraviolet (EUV)
wave or shock that was detected by the Atmospheric Imaging Assembly on board the
Solar Dynamics Observatory. During the whip-like unwinding eruption of a small fil-
ament on 2012 April 24, multiple consecutive large-scale wavefronts emanating from
AR11467 were observed simultaneously along the solar surface and a closed transequa-
torial loop system. In the meantime, an upward propagating dome-shaped wavefront
was also observed, whose initial speed and deceleration are about 1392 km s−1 and 1.78
km s−2, respectively. Along the solar surface, the quasi-peridoic wavefronts had a period
of about 163±21 seconds and propagated at a nearly constant speed of 747±26 km s−1;
they interacted with active region AR11469 and launched a sympathetic upward prop-
agating secondary EUV wave. The wavefronts along the loop system propagated at
a speed of 897 km s−1, and they were reflected back at the southern end of the loop
system at a similar speed. In addition to the propagating waves, a standing kink wave
was also present in the loop system simultaneously. Periodicity analysis reveals that the
period of the wavefronts was consistent with that of the unwinding helical structures of
the erupting filament. Based on these observational facts, we propose that the observed
quasi-periodic EUV wavefronts were most likely excited by the periodic unwinding mo-
tion of the filament helical structures. In addition, two different seismological methods
are applied to derive the magnetic field strength of the loop system, and for the first
time the reliability of these inversion techniques are tested with the same magnetic
structure.
Corresponding author: Yuandeng Shen
ydshen@ynao.ac.cn
ar
X
iv
:1
90
1.
08
19
9v
1 
 [a
str
o-
ph
.SR
]  
24
 Ja
n 2
01
9
2 Shen et al.
Keywords: Sun: activity — Sun: flares — Sun: oscillations — waves — Sun: coronal
mass ejections (CMEs)
1. INTRODUCTION
Large-scale wave phenomena in the solar atmosphere were firstly detected in the dense chromo-
sphere, being observed as propagating arc-shaped dark/white fronts in the Hα off-band filtergrams.
They were later called Moreton waves in history (e.g., Moreton 1960; Balasubramaniam et al. 2007;
Gilbert et al. 2008; Narukage et al. 2008; Muhr et al. 2010; Liu et al. 2013). Moreton waves can
propagate to a distance of the order of 1000 Mm with a speed of the order 1000 km s−1 (e.g., Athay
& Moreton 1961; Moreton 1964; Shen & Liu 2012c), and they are often associated with flares, coronal
mass ejections (CMEs), and type II radio bursts. Since the Alfve´n speed in the chromosphere is of
the order of 100 km s−1, a shock wave with an Alfve´n Mach number of about 10, if Moreton waves
are really propagating waves in the chromosphere, would be completely dissipated before having
propagated over 1000 Mm. Therefore, it is hard to explain the existence of Moreton waves in the
dense chromosphere. To interpret Moreton waves, Uchida (1968) proposed a theoretical model in
which Moreton waves are the imprints as coronal fast-mode waves or shocks sweep the chromosphere.
This scenario implies that there must be counterparts of Moreton waves in the upper corona, and
they should have similar speeds and morphologies. Similar large-scale wavelike disturbances were
discovered by the EUV Imaging Telescope (EIT) aboard SOHO (Moses et al. 1997; Thompson et al.
1998), which were called “EIT waves” initially, and more often called extreme-ultraviolet (EUV)
waves later. In addition, the coronal counterparts of Moreton waves were also confirmed by soft
X-ray and He I 10830 A˚ observations (e.g., Khan & Aurass 2002; Vrsˇnak et al. 2002; Narukage et al.
2002, 2004; Gilbert & Holzer 2004; Warmuth et al. 2005).
The driving mechanism and physical nature of large-scale EUV waves were hotly debated in the
past twenty years (Chen 2017). Because chromospheric Moreton waves were believed to be driven by
the flare pressure pulses for a long time since Uchida (1968), solar physicists naturally thought at the
beginning that EUV waves also have the same driving mechanism (e.g., Khan & Aurass 2002; Hudson
et al. 2003; Warmuth et al. 2004). However, more and more recent high-resolution observational
studies have shown that EUV waves are in fact bow shocks driven by CMEs instead of flare pressure
pulses (e.g., Patsourakos & Vourlidas 2009; Kienreich et al. 2009; Patsourakos et al. 2010; Chen 2006;
Shen & Liu 2012a,c; Shen et al. 2017a; Xue et al. 2013; Long et al. 2017b; Cunha-Silva et al. 2018;
Liu et al. 2011b). Further investigations indicated that EUV waves can also be excited by other kinds
of slightly different processes, such as newly-formed expanding loops, coronal jets, and mini-filament
eruptions in small scales (e.g., Podladchikova et al. 2010; Zheng et al. 2012, 2013; Su et al. 2015;
Shen et al. 2017a), and the sudden expansion of transequatorial loops driven by coronal jets in large
scales (Shen et al. 2018e,d) . In these scenarios, those authors found that such kind of EUV waves
often have a shorter lifetime (a few minutes) compared to those driven by CMEs (tens of minutes).
Moreover, Shen et al. (2018a) reported an interesting non-CME-associated homologous EUV wave
event in which the initial speeds of the waves are about 1000 km s−1, and the authors proposed that
the observed EUV waves were large-amplitude nonlinear fast-mode magnetosonic waves or shocks
directly driven by the associated recurrent coronal jets, resembling the generation of a piston shock in
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a tube. These new observations suggest that EUV waves can be excited by different kinds of coronal
disturbances, e.g., CMEs, coronal jets, and mini-filament eruptions.
Owing to the similar morphology and nearly cospatial relationships between some coronal EUV
waves and chromospheric Moreton waves, the former is considered as the coronal counterpart of the
latter (e.g., Thompson et al. 2000; Warmuth et al. 2001; Veronig et al. 2006; Grechnev et al. 2008;
Muhr et al. 2010; Asai et al. 2012; Shen & Liu 2012c). Regarding the physical nature of EUV waves,
they were firstly interpreted as fast-mode magnetosonic waves (e.g., Wang 2000; Wu et al. 2001;
Ofman & Thompson 2002). However, some characteristics of EUV waves can not be explained in
terms of MHD waves, such as their low speeds (i.e., below 150 km s−1 in the quiet corona) and the
appearance of stationary brightenings. This led to the proposals of various non-wave models of EUV
waves, such as the magnetic field-line stretching model (e.g., Chen et al. 2002, 2005), the current
shell model (e.g., Delanne´e 2000; Delanne´e et al. 2008), and the reconnection front model (Attrill
et al. 2007). In particular, Chen et al. (2002, 2005) proposed that there should be two types of EUV
waves, a faster one that corresponds to the coronal counterpart of Moreton wave, and a slower one
that is generated by the successive stretching of the closed field lines overlying the erupting flux rope.
According to this model, the slower EUV wave has a speed of about three times slower than that of
the faster one if the coronal magnetic loops are something like semicircles, and this scenario has been
confirmed by many observations (e.g., Zhukov & Auche`re 2004; Chen & Wu 2011; Shen & Liu 2012c;
Shen et al. 2013a, 2014a; Liu et al. 2012; Asai et al. 2012; Cheng et al. 2012; Kumar & Manoharan
2013; Chandra et al. 2018). It seems that the diverse features of EUV waves can only be explained by
such a hybrid model in which the fast and slow components are respectively interpreted as fast-mode
magnetosonic wave and non-wave features (e.g., Chen et al. 2002; Cohen et al. 2009; Downs et al.
2012). It should be noted that the slow component of EUV waves is not a real MHD wave in several
models mentioned above, however, some authors also proposed that the slow wave component can
be regraded as slow-mode magnetosonic waves (e.g., Wills-Davey et al. 2007; Wang et al. 2009; Mei
et al. 2012). In addition, the slow component could also be a signature of the laterally expanding
CME flanks, i.e., the plasma pileup in front of the expanding flux rope (e.g., Zhukov & Auche`re 2004;
Patsourakos et al. 2010). More details about EUV wave can be found in recent review papers (e.g.,
Liu & Ofman 2014; Warmuth 2015; Chen 2016, and references therein).
Despite the debate on the nature of slow component of EUV waves, it is widely accepted that the
fast component of EUV waves, especially when faster than 500 km s−1, is a fast-mode magnetoacoustic
wave or shock wave (Cheng et al. 2012; Long et al. 2017b). Their wave nature can be inferred by
various observational features, such as reflection (e.g., Long et al. 2008; Gopalswamy et al. 2009; Shen
& Liu 2012c; Li et al. 2012; Olmedo et al. 2012; Yang et al. 2013), transmission (e.g., Liu et al. 2012;
Olmedo et al. 2012; Shen et al. 2013a), refraction (e.g., Shen & Liu 2012a; Shen et al. 2013a), and
mode conversion (e.g., Chen et al. 2016; Zong & Dai 2017; Chandra et al. 2018). In particular, Shen
et al. (2013a) observed many of these features in a single EUV wave event, which clearly demonstrated
the wave nature of EUV waves. Another feature associated with the fast-component EUV waves is
the appearance of multiple wavefronts. However, so far the direct imaging of such kind of evidence
is still very scarce besides some possible signals of multiple wavefronts such as ripple-like features
(Hudson et al. 2003; Liu et al. 2010).
In this paper, we present an intriguing EUV wave event on 2012 April 24, which was accompanied
by a GOES C3.7 flare, the eruption of an unwinding filament, a partial halo CME, a chromospheric
4 Shen et al.
Moreton wave, and a type II radio burst. It is observed for the first time that several phenomena
were all involved in a single EUV wave event, such as quasi-periodic multiple fast-component EUV
wavefronts, channeled propagation along a closed coronal loop and its reflection, and so on. The
SDO/AIA data with unprecedented resolution provide an opportunity to understand the driving
mechanism of the multiple quasi-periodic EUV wavefronts and the other phenomena that launched by
the interaction of the EUV wave with remote magnetic structures. Instruments and observations are
briefly introduced in Section 2; Main analysis results are presented in Section 3; Coronal seismology
applications are given in Section 4; The last section includes the Discussion and Conclusion of the
present study.
2. INSTRUMENTS AND OBSERVATIONS
The event was simultaneously observed by the Solar Dynamics Observatory (SDO; Pesnell et al.
2012) and Solar Terrestrial Relations Observatory (STEREO, Kaiser et al. 2008) Behind (STEREO-
B) from two different view angles. On 2012 April 24, the separation angle between the two satellites
was about 118◦. The Atmospheric Imaging Assembly (AIA; Lemen et al. 2012) on board SDO
provides continuous full-disk images of the chromosphere and the corona in seven EUV and three
UV-visible channels; the pixel size of the AIA images is 0.′′6, and the EUV and UV-visible images
have 12 and 24 s cadences, respectively. The full-disk 195 A˚ and 304 A˚ images taken by STEREO-
B are used as well, and their cadences are 5 and 10 minutes, respectively. The pixel size of the
STEREO-B images is 1.′′59. The Hα line center images were taken by the Chromospheric Telescope
(ChroTel; Kentischer et al. 2008; Bethge et al. 2011), whose time cadence and pixel size are about 3
minutes and 1′′, respectively. The radio dynamic spectra was provided by the Rosse Solar-Terrestrial
Observatory (RSTO; Zucca et al. 2012). We use the low receiver that operates at 10–100 MHz and
takes four spectra per second and with 200 channels. In addition, the X-ray fluxes recorded by the
Geostationary Operational Environmental Satellite (GOES) and Reuven Ramaty High Energy Solar
Spectroscopic Imager (RHESSI; Lin et al. 2002) are also used to analyze the flare. In this paper, a
running difference (ratio) image is created by subtracting (dividing) a direct image by the previous
one; a base ratio image is obtained by dividing images by a fixed image before the flare.
3. OBSERVATIONAL RESULTS
On 2012 April 24, a GOES C3.7 flare occurred in AR11467 (N14, E58), whose start, peak, and
end times were at about 07:38, 07:45, and 08:00 UT, respectively. The flare was accompanied by the
eruption of an unwinding filament, a partial halo CME, and quasi-periodic large-scale arc-shaped
wavefronts propagating simultaneously along the solar surface and a closed transequatorial loop
system that connects AR11467 and AR11469 in opposite hemispheres. The wavefronts further caused
transverse oscillations of the transequatorial loop system and a large remote quiescent filament on
the northwest direction of AR11467. Based on the measurement of the online CDAW (Coordinated
Data Analysis Workshops) CME catalog1, the average speed and deceleration of the CME were about
443 km s−1 and -8.1 m s−2, respectively. Here, the speed (deceleration) of the CME was obtained by
fitting the height-time data points of the CME leading front with a linear (second degree polynomial)
function. The top row of Figure 1 shows the pre-eruption configuration with AIA 171 A˚ 304 A˚ and
ChroTel Hα line center images. The active region filament and the transequatorial loop system can
1 https://cdaw.gsfc.nasa.gov/CME list/index.html
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well be identified in Figure 1(a), and the large quiescent filament was on the north of AR11467 (see
Figure 1(b) and (c)). Figure 1(d) shows the GOES and RHESS X-ray fluxes, while Figure 1(e) shows
the flare lightcurves in the eruption source region at AIA’s different wavelength channels. It is noted
that before the impulsive phase of the flare there is a small bump (peaked at about 07:38 UT) in the
RHESSI 6–12, and 12–25 keV energy bands and the AIA lightcurves.
The eruption of the filament in AR11467 is shown in Figure 2 with AIA and STEREO-B 304 A˚
images from two different view angles (see also the animation available in Figure 2). The filament
eruption was close to the east (west) limb of the solar disk in the FOV of SDO (STEREO-B). The
southern part of the filament firstly erupted at about 07:00:00 UT, which showed obvious rotation
motion and the eruption direction was in the southeast in SDO/AIA and southwest in STEREO-
B/EUVI. The 304 A˚ images at 07:32:32 UT (AIA) and 07:36:15 UT (STEREO-B) are plotted in
Figure 2 (a) and (d) to show the erupting filament, whose eruption direction is indicated by the
blue arrows. This eruption caused the small bump observed in the flare lightcurves and X-ray fluxes
(see Figure 1). The main body of the active region filament began to rise at about 07:37:20 UT
and erupted violently at about 07:40:56 UT, which was associated with the main peak in the flare
curves; During this process, the whip-like eruption of the filament showed strong unwinding and
lateral expanding motions. The start of the violent eruption of the filament main body is shown in
Figure 2 (b) and (e). The unwinding structure is shown in Figure 2 (c) and (f), in which one can easily
identify the helical structure of the erupting filament. It is identified that the unwinding direction of
the filament was clockwise when viewed from above along the filament axis (see the curved arrows in
Figure 2 (c) and (f)). The eruption of the filament showed a jet-like shape and with strong unwinding
motion. This morphology resembles the eruption process of unwinding coronal jets and suggests the
releasing of the magnetic twist stored in the filament into the outer corona (Shibata & Uchida 1986;
Kurokawa et al. 1987; Shen et al. 2011; Chen et al. 2012; Hong et al. 2013; Miao et al. 2018). In
recent years, more and more high-resolution observations have indicated that amounts of coronal jets
are in fact dynamically related to the eruption of mini-filaments confined by the jet-base, and this
kind of jets are called as blowout jets (e.g., Moore et al. 2010; Shen et al. 2012, 2017b; Sterling et al.
2016; Joshi et al. 2018). Therefore, the present filament eruption could be regarded as a so-called
blowout jet in the knowledge framework of coronal jets.
The violent eruption of the main filament body launched striking multiple large-scale arc-shaped
wavefronts simultaneously along the solar surface and the transequatorial loop system, and an upward
propagating dome-shaped wavefront ahead of the erupting filament. The evolution and morphology
of the waves are displayed in Figure 3. The first EUV wavefront appeared at about 07:41:07 UT,
which was about 10 seconds after the start time of the violent eruption of the main filament eruption
(see the animation available in Figure 3). The wavefront initially had a dome-shaped structure off
the solar limb and a semicircular shape along the solar surface (see Figure 3(a)). It is interesting that
several EUV wavefronts followed the first one successively along the solar surface (see Figure 3(b)
and (c)). The appearance times of the second and third wavefronts were respectively about 07:45:31
UT and 07:47:31 UT in the AIA 193 A˚ images. Therefore, the average time lag between the different
wavefronts was about 3 minutes. It is noted here that only the fast-component EUV waves were
detected in this event. The slow-component EUV wave was not detected at least in our chosen
direction. When the EUV wave propagated close to AR11469, the eastern part of the wavefront
propagated faster than its western part so that the wave front became significantly deformed (see
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the wavefront highlighted by the blue dashed curves in Figure 3(b) and (c)). The deformation
of the wavefront was probably caused by the stronger magnetic field strength in AR11469 than
the ambient quiet-Sun, because stronger magnetic field strength implies a faster Alfve´n speed and
therefore a faster fast-mode magnetosonic wave speed. This phenomenon also implies that these
EUV wavefronts are fast-mode waves (or shock waves). Quasi-periodic wavefronts were also observed
in the northwest direction of AR11467, but they did not propagate to a large distance like those in
the southwest direction. This was probably due to the blocking of the magnetic structure hosting
the large quiescent filament which showed obvious transverse oscillation after the arrival of the EUV
wave. The observed quasi-periodic wavefronts can be observed in all AIA EUV channels. In addition,
the intensity increase of the first three EUV wavefronts are in the range of 10%–35%. This value is
consistent with those measured in typical EUV waves (Warmuth 2015), but much higher than those
(1%–5%) detected in quasi-periodic fast-propagating magnetosonic waves that are mainly visible in
the AIA 171 A˚ and sometimes 193 A˚ wavelengths and often along open or closed coronal loops (e.g.,
Liu et al. 2011a, 2012; Shen & Liu 2012b; Shen et al. 2013b, 2018b,c,d). Therefore, we interpret
the observed multiple EUV wavefronts as quasi-periodic large-scale EUV waves rather than locally
propagating quasi-periodic fast-propagating magnetosonic waves. Despite the similar physical nature
of the two kinds of EUV waves, their geometric scales, amplitudes, and generation mechanisms are
largely different.
The interaction between the wave and AR11469 launched a small-scale plasma ejecta seen in the
AIA 304 A˚ observations (see Figure 2 (g) and (h)) and a secondary EUV wave that propagated in
the southeast direction above AR11469. This secondary wave was very weak so that it is hard to
distinguish directly in static images, but it is clear in the animation made from AIA 193 A˚ running
ratio images. Due to the close temporal and spatial relationships between the arrival of the EUV
wave and the occurrence of the plasma ejecta and the secondary EUV wavefront, we propose that
the later activities were directly launched by the interaction of the EUV wave with AR11469, and
this also indicates that EUV waves can be a good physical linkage for launching sympathetic solar
activities (see also, Khan & Hudson 2000; Shen et al. 2014a,b; Liu et al. 2019, 2018).
It is interesting that quasi-periodic wavefronts are also observed simultaneously along the transe-
quatorial loop system (see the white dashed curves in Figure 3 (e)). The wavefronts originated from
AR11467 and propagated along the transequatorial loop system. When reaching the southern end
of the loop system, they were reflected back (see the arrow in Figure 3(f)). The reflected wavefronts
propagated from AR11469 along the transequatorial loop system back to AR11467, which can be
well observed in the online animation associated with this figure. Similar reflection of fast-mode
EUV wave was also previously reported in Kumar & Innes (2015). However, they observed only one
wavefront, which was interpreted to be generated by an impulsive energy release. In addition, the
transequatorial loop system showed obvious standing kink oscillations during the propagation of the
wavefronts along it.
The EUV wave was also accompanied by a chromospheric Moreton wave that can well be identified
in the running difference ChroTel Hα images (see Figure 3 (g)). The Moreton wave is highlighted
by the red dashed curve, and it had a similar shape and was nearly cospatial with the first EUV
wavefront, consistent with the so far well-established scenario that fast-component EUV waves are
indeed the counterparts of the chromospheric Moreton waves (e.g., Thompson et al. 2000; Warmuth
et al. 2001; Shen & Liu 2012c). In the STEREO-B 195 A˚ running difference images, the dome-shaped
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wavefront over the limb can be clearly observed (see the white dotted curve in Figure 3 (h)). However,
the wavefronts along the transequatorial loop system and the solar surface were hard to distinguish.
In addition, a well defined type II radio burst was recorded by the RSTO spectrometer. The start
time of the fundamental band of the type II radio burst was at 07:48 UT, and the start frequency
was at about 42 MHz. Based on the relationship between plasma frequency and density (McLean
& Labrum 1985), and the empirical coronal electron density model (Sittler & Guhathakurta 1999)
as used in many articles (e.g., Lin et al. 2006; Ma et al. 2011; Gao et al. 2016), we can derive the
height and therefore the velocity of the corresponding shock wave. Here, we use the center frequency
data points (indicated by the white dashed line in Figure 3 (i)) as the input in our calculation; it is
obtained that the velocity of the shock was about 615 km s−1 and its start height was about 0.51
solar radius above the solar surface. The shock speed and height derived from the type II burst are
similar to those obtained by Liu et al. (2009) for the 2007 December 31 eruption.
Time-distance stack plots are created for analyzing the kinematics of the quasi-periodic EUV waves,
oscillations of the transequatorial loop and the large quiescent filament, and the eruption of the
unwinding filament in the source region. To obtain a time-distance stack plot, we first obtained the
one-dimensional intensity profiles along a specified path at different times, and then a two-dimensional
time-distance stack plot was generated by stacking the obtained one-dimensional intensity profiles
in time. Figure 4(a)–(f) are the time-distance stack plots made along paths L1–L6 as shown in
Figure 1(a)–(c), respectively.
As shown in Figure 4(a), the quasi-periodic EUV wavefronts along the solar surface can well be
identified as bright inclined stripes; By fitting each of the first three strong stripes with a second
quadratic function, it is obtained that the decelerations of the three wavefronts are similar, and their
average value is about 0.36 km s−2. To obtain the average speed of the wavefronts, we simply fit each
of the stripes with a linear function since the wavefronts showed a nearly constant speed. The result
indicates that the average speed of first three wavefronts was about 747 ± 26 km s−1. The upward
propagating dome-shaped EUV wave is also measured (not shown here). The result indicates that
the initial speed was about 1392 km s−1, and the deceleration was about 1.78 km s−2. This suggests
that the upward propagating EUV wave was much faster than the lateral propagating component
along the solar surface, consistent with the result presented in Veronig et al. (2010). As described
above, the appearance of the type II radio burst was delayed with respect to the start time of the
EUV wave along the solar surface by about seven minutes. Based on the equation v = v0 + at and
the measured initial speed and deceleration of the upward propagating dome-shaped wave originated
from AR11467, it is derived that the speed of the wave should be 644 km s−1 seven minutes after
its first appearance. This result is in agreement with the wave speed derived from the type II radio
burst (615 km s−1), and it also suggests that the observed type II radio burst should be caused by
the observed EUV wave.
The secondary wave above AR11469 showed obvious deceleration (see Figure 4 (b)). Measurement
indicates that the initial speed (within 100–200 Mm) and deceleration were about 1358 km s−1 and
4.5 km s−2, respectively. It should be pointed out that the speed and deceleration of the secondary
wave have relatively large errors, because this wave was very weak so that it is hard to trace.
The kinematics of the wavefronts along the transequatorial loop system is shown in Figure 4 (c),
based on which we obtain that the speeds of the incoming and reflected waves were about 897 and
-930 km s−1, respectively. It should be noted here that only two wavefronts can be identified in the
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time-distance plot, however, we can observe at least four in the AIA 171 A˚ images (see Figure 3
and the associated animation). This may be caused by the weak guiding loop system whose two
footpoints are rooted in the high density active regions, while the middle section is off the solar limb
where the background density is small. The time-distance stack plot along the eruption direction of
the main filament eruption is shown in Figure 4 (d). By fitting one of the helical filament structure
with a linear function, it is obtained that the eruption speed was about 215 km s−1.
The oscillations of the transequatorial loop system and the quiescent filament are shown in Figure 4
(e) and (f), respectively. We can track the oscillations for about two cycles, and the trajectories of
the loop and filament are marked by white plus signs. By fitting the data points with a damped
vibration formula in the form of D(t) = Ae−
t
τ sin(2pi
T
t+φ)+B+Ct, the oscillation parameters can be
obtained. Here, A, τ , T , and φ in the formula are the amplitude, damping time, period, and initial
phase of the oscillation, respectively, and B and C define a linear function that describe the initial
position and the linear drifting of the oscillations off the equilibrium position. The fitting results
indicate that the oscillation period and amplitude of the loop (filament) oscillation are about 17 (14)
minutes and 5.56 (2.58) Mm, respectively. The period of the filament oscillations is well consistent
with previous observations and simulations (Asai et al. 2012; Shen et al. 2014a,b; Zhou et al. 2018).
The properties of the quasi-periodic wavefront on the solar surface are also investigated by analyzing
the variation of the perturbation profiles along the path L1. We show the AIA 193 A˚ percentage
intensity profiles at different times (from 07:43:31 UT to 07:51:55 UT) in Figure 5(a), from which the
first three wavefronts can clearly be identified, and they are indicated by the three red arrows. For
each wavefront, the amplitude (intensity increase) first increases to a high value and then gradually
decreases to almost the initial undisturbed level. In the meantime, the widths of the wavefronts
also showed an increasing trend in time, and the frontal part of each wavefront is much steeper
than the rear part. These characteristics suggest the shock nature of the present EUV wave. The
largest amplitudes for the first three wavefronts are about 35%, 23%, 11% relative to the background
intensity, respectively. Obviously, the amplitude was getting smaller and smaller. Since it is hard to
determine the wavelength changes, we just show two intensity profiles at 07:45:07 UT and 07:48:43 UT
in panels (b) and (c) of Figure 5. At this two special moments, both profiles showed two wavefronts
simultaneously, and therefore we can determine the wavelengths. Measurements indicate that the
wavelength between the first and the second wavefronts was bout 84 Mm, while that between the
second and the third ones was about 110 Mm. It seems that the wavefront with a smaller amplitude
has a longer wavelength.
To analyze the origin of the quasi-periodic EUV wavefronts, the periodicities of the wavefronts, the
helical structures of the unwinding filament, and the associated flare are studied with the wavelet
technique (Torrence & Compo 1998), and the results are plotted in Figure 6. The detrended intensity
profiles along the horizontal white dashed lines as shown in Figure 4 (a) and (b) are used to analyze
the periodicities of the EUV wave and the unwinding helical structure of the erupting filament. One
can see that the period of the EUV wavefronts along L1 was about 163±21 s (Figure 6 (a)), while the
period of the unwinding helical structures of the erupting filament was about 150±13 s (Figure 6 (b)).
The periods in the flare are derived through analyzing the RHESSI hard X-ray flux in the energy
band of 12–25 keV and the flare lightcurves integrated from different AIA wavelength channels. The
results indicate that the periods in the flare are in the range of 240–706 s (Figure 6 (c)–(j)). It is
interesting that the period of the EUV wavefronts was consistent with the period of the unwinding
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helical structures of the erupting filament rather than the flare, suggesting that the quasi-periodic
EUV wavefronts were possibly excited by the expanding motion of the unwinding helical filament
structures.
4. SEISMOLOGY APPLICATIONS
Based on the observational results described above, we can estimate the typical magnetic field
strength of the closed coronal loop and the large quiescent filament with the method of coronal
seismology (Nakariakov & Verwichte 2005). The present peculiar case provides a rare opportunity
to estimate the magnetic field strength of the coronal loop via two different ways, and therefore we
can test the reliability of these different methods.
The first method for estimating the magnetic field strength of the coronal loop can use the physical
properties of the kink oscillation, using the same method used in Ofman & Liu (2018). Based on
the AIA 171 A˚ images, we measured that the width and length of the closed loop system are about
(8.68±0.36)×108 cm and (4.33±0.64)×1010 cm, respectively. Using the differential emission measure
(DEM) inversion code provided by Cheung et al. (2015), the plasma densities of the loop system and
the coronal background are estimated to be (7.96± 0.68)× 108 cm−3 and (1.57± 0.15)× 108 cm−3,
respectively. Thus, the plasma density ratio between the background and the loop is 0.20 ± 0.04.
The kink speed of a loop is defined as Ck = 2L/P for the case of the fundamental oscillation mode,
here L and P are the loop’s length and oscillation period. This reveals that the kink speed is about
849 km s−1. On the other hand, the kink speed can also be written as Ck = VA
√
2
1+n0/ni
, in which
VA =
√
B2
4piρ
is the Alfve´n speed inside the transequatorial loop, n0/ni is the plasma density ratio
between the coronal background and the loop. Based on these equations, we obtain that the Alfve´n
speed in the loop is about 657 km s−1, while the magnetic field strength is about 6.0 Gauss.
The second method for estimating the magnetic field strength of the loop system is by using the
physical parameters of the quasi-periodic EUV wave along the loop system. Under the coronal
condition where the sound speed is smaller than the Alfve´n speed, the fast-mode magnetosonic
waves propagating along the magnetic field have a velocity of the Alfve´n speed, i.e., Vf = VA. The
observational results reveal that the average speed of the incoming and reflected waves is Vave ∼914
km s−1, If we assume that Vave is just the fast-mode MHD wave speed along the interconnecting
loop, the magnetic field strength of the loop system is about 8.3 Gauss. It is noted that the derived
magnetic field strength of the coronal loop showed some difference based on the two different methods.
We argue that is mainly caused by the shock nature of the present EUV wave, which suggests that
we can not simply derive the magnetic field strength using the measured wave speed directly as
input. One should firstly divide the measured wave speed by the Mach number, and then derive the
magnetic field strength of the guiding field using the real fast-mode wave speed. Alternatively, one
can estimate shock Mach number based on the ratio between the observed wave speed Vwave and the
Alfve´n speed derived from the kink oscillation of the coronal loop. This should be noted in future
studies for estimating magnetic field strength when using the speed of EUV waves.
Considering the EUV wave along the loop system is a shock, its Alfve´n Mach number MA = Vave/VA
can be derived to be 1.39. Here, Vave and VA are the speed of the EUV wave and the Alfve´n speed in
the loop system, respectively. The Mach number of the present EUV wave is consistent with those
derived by using other methods in many studies (e.g., Narukage et al. 2002; Hudson et al. 2003;
Shen & Liu 2012c; Chen et al. 2005; Warmuth 2015). Generally speaking, the derived magnetic field
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strength of the loop system based on different methods are all consistent with those obtained by the
direct measurement of coronal magnetic field above active regions (Lin et al. 2004; Liu & Lin 2008).
For simply estimating the radial component of the magnetic field of the remote large quiescent
filament, we can use the method proposed by Hyder (1966) by using the measured period and
damping time of the filament oscillation. This method has been applied in many studies for deriving
the filament magnetic field (e.g., Shen et al. 2014a; Zhang & Ji 2018). In Hyder’s method, the
relationship between the radial magnetic field and the oscillation parameters is written as B2r =
piρ r20 [4pi
2 ( 1
P
)2 + ( 1
τ
)2], where Br is the radial magnetic component, ρ is the density of the filament
mass, r0 is the scale height of the filament, P is the filament oscillation period, and τ is the damping
time. If we use the value ρ = 4 × 10−14 g cm−3, i.e., ne = 2 × 1010 cm−3, the above equation can be
rewritten as the form B2r = 4.8 × 10−12 r20 [( 1P )2 + 0.025 ( 1τ )2]. Based on this equation and assuming
r0 = 3× 109 cm (Hyder 1966), we can obtain that the radial component of the magnetic field of the
filament is about 12.4 Gauss. Based on the inversion of full-Stokes observations, Casini et al. (2003)
published the first map of the vector field in a prominence, and they found that the average magnetic
field in prominences is mostly horizontal and varies between 10 to 20 Gauss. This suggests that the
estimated magnetic field strength of the filament based on prominence seismology is in the typical
range of the results obtained by direct measurement.
5. DISCUSSIONS AND CONCLUSIONS
By using high spatiotemporal-resolution observations taken by the SDO/AIA, we report, for the
first time, the detailed analysis of an unambiguous quasi-periodic large-scale EUV wave that showed
an intensity increase of about 10%–35% and can be identified in all EUV channels of SDO/AIA. The
quasi-periodic EUV wavefronts originated from AR11467 successively and were in association with
the eruption of a whip-like unwinding eruption filament, a GOES C3.7 flare, a partial halo CME,
and a type II radio burst. The quasi-periodic EUV wavefronts were simultaneously observed along
the solar surface and a closed transequatorial loop system that connects AR11467 and AR11469 in
the opposite hemispheres. In addition, an upward propagating dome-shaped wavefront off the solar
limb was also observed simultaneously during the start of the violent eruption of the filament. It
is interesting that the wavefronts along the transequatorial loop system were reflected back at the
southern end of the loop system and caused the obvious kink oscillation of the transequatorial loop
system. The quasi-periodic EUV wavefronts along the solar surface in the southeast direction showed
refraction effect when they passed through the outskirt of the remote active region AR11469. The
interaction between the EUV wave with AR11469 not only launched a jet-like plasma ejecta but
also an upward propagating secondary wave above AR11469, which suggests that EUV waves could
be the physical linkage of many sympathetic solar eruptions. Furthermore, the quasi-periodic EUV
wavefronts in the northeast direction of AR11467 did not propagate to a large distance like those in
the southwest direction. This was probably due to the blocking of the magnetic structure hosting
the large quiescent filament which showed obvious transverse oscillation after the arrival of the EUV
wave.
The interaction part of the EUV wavefront just became more curved and propagated faster than
the other part that did not interact with the active region. We interpret this phenomenon as the
refraction effect of the EUV wave, which exhibited the real wave nature of the present EUV wave.
Earlier simulation and observational works indicated that coronal waves usually tend to be deflected
away from regions of high Alfve´n speeds (Uchida 1968; Wang 2000; Thompson et al. 1999). However,
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we do not observe the deflection of the EUV wave away from AR11469 during their interaction. Shen
et al. (2013a) reported an interesting EUV wave that simultaneously interacted with two different
active regions, in which deflection of the EUV wave just occurred at the boundary of the active
region that has a large speed gradient. For the other active region that has a small speed gradient
at the boundary, the EUV wave just showed refraction effect during its passing of the of the active
region. Therefore, we propose that no deflection of the present EUV wave during the interaction
was probably due to the small speed gradient at the boundary of the active region. Alternatively, if
the deflection of the wave did exist, it must be too weak to be detected based on the current AIA
observations.
Our measurements indicate that the eruption speed of the active region filament was about 215
km s−1. The quasi-periodic EUV wavefronts in the southeast direction were at a nearly constant
speed, whose average speed and deceleration were about 747 ± 26 km s−1 and 0.36 km s−2, re-
spectively. The period of the quasi-periodic EUV wave was about 163 ± 21 seconds. The largest
amplitude (intensity increase) of the first three wavefronts were about 35%, 23%, and 11% relative
to the background intensity, respectively. This indicates that the amplitudes were getting smaller
with each successive wavefronts. In addition, the wavelengths of the quasi-periodic wavefronts were
in the range of 84 – 110 Mm, and it seems that wavefronts with smaller amplitude have a longer
wavelength. Although the amplitude of the first three wavefronts showed large differences, their
speeds and decelerations are similar. This may indicate that the amplitude do not influence the
speed and deceleration of EUV waves significantly. The upward propagating dome-shaped EUV
wave component had an initial speed of about 1392 km s−1 and with a deceleration of about 1.78
km s−2. Obviously, the upward propagating dome-shaped EUV wave component was faster and had
a stronger deceleration than the wavefronts along the solar surface, which is consistent with previous
observational results (Veronig et al. 2010). The speed of the secondary EUV wave above AR11469
was about 1358 km s−1 and with a deceleration of about 4.5 km s−2. Considering the measured
parameters of the present EUV waves, they should be the nonlinear large-amplitude waves or shocks
as proposed in many statistical studies (Warmuth & Mann 2011; Muhr et al. 2014; Long et al. 2017a).
For the quasi-periodic EUV wavefronts along the transequatorial loop system, the speeds of the in-
coming and reflected waves were respectively about 897 and -930 km s−1, which were faster than
that of the wavefronts along the solar surface. The difference between the incoming and reflected
waves might be due to the plasma flow inside the transequatorial loop. If this is true, the siphon flow
inside the transequatorial loop is from south to the north, with a speed of ∼16 km s−1. Both the
oscillations of the transequatorial loop system and the quiescent filament can be traced for about two
cycles, and their amplitude (period) were about 5.56 (2.58) Mm and 17 (14) minutes, respectively.
A well defined type II radio burst was observed in the RSTO radio dynamic spectra about seven
minutes after the first appearance of the EUV wave. Based on the type II radio burst, we derived
that the average speed of the shock was about 615 km s−1 and the start height of the shock was
about 0.51 solar radius above the solar surface. It is calculated that the upward propagating dome-
shaped wave component off the solar limb had decelerated to a speed of about 644 km s−1 after seven
minutes, consistent with the derived shock speed based on the type II radio burst. This suggests
that observed type II radio was caused by the upward dome-shaped wave component. Although
quasi-periodic EUV wavefronts were observed along the solar surface and in the transequatorial loop
system, whereas there was no quasi-periodic upward propagating dome-shaped wavefronts can be
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detected in the present case. This could be the reason why there was no quasi-periodic type II radio
bursts in the radio dynamic spectra. In addition, this also implies that the periodic excitation of the
fast-component EUV wavefronts were mainly visible in the lateral direction of the eruption, or the
following wavefronts were too weak to be detected by the AIA observations and therefore can not
emit significant radio emissions to be detected by the radio telescope.
Based on the measured parameters of the kink oscillations and the fast-mode EUV wave, two
different inversion methods are applied to derive the magnetic field strength of the transequatorial
loop system. The results indicate that the Alfve´n speed in the loop is about 657 km s−1, while
the magnetic field strength is about 6.0 Gauss. In addition, based on the derived Alfve´n speed and
the measured wave speed, it is obtained that the Mach number of the quasi-periodic shock wave
is about 1.39, consistent with the results derived by using other methods in many previous studies.
The present peculiar event provides a rare opportunity to evaluate the reliability of different methods
of coronal seismology. It is worth noting that the shock nature of the fast-component EUV wave
can significantly affect the inversion result when we use the wave speed to derive the magnetic field
strength. One should firstly derive the Mach number of the EUV shock wave, and then derive the
measured wave speed by the Mach number as the input to derive the magnetic field strength. By
using the method proposed by Hyder (1966), the radial component of the filament magnetic field
is derived to be about 12.4 Gauss. The values of magnetic field strength of the corona loop and
the filament are consistent with the results obtained by direct measurements, suggesting that these
inversion methods are reasonable.
The speed of the upward dome-shaped wave component off the solar limb was much faster than those
along the solar surface, and the former is about 1.9 times of the latter. Veronig et al. (2010) reported
the same characteristic of a limb EUV wave, in which the speed of the upward dome-shaped wave
component is about 2.3 times of the surface component. The authors gave two possible explanations
for this phenomenon. The first is that the upward dome-shaped wave is possibly driven all the time
by the following CME, whereas in the lateral direction the driving force just exists during the initial
stage, and then the wave speed is determined by the characteristic speed of the medium; The second
is due to differences of the fast-mode magnetosonic speeds of the active region and the ambient
quiet corona; Furthermore, we would like to propose two additional possible explanations for this
difference. The first reason is that the fast-mode magnetosonic speed generally increases with height
in the low coronal (see, Mann et al. 1999; Hudson et al. 2003). The second reason could be due to the
influence of projection effect, since the outward propagating wave component off the solar limb should
suffer from weaker projection effect than the wave component along the solar surface. It is found
that the speed of the secondary wave above AR11469 is much higher than the surface component of
the primary EUV wave but kinematically compatible with the primary dome component, and both
the secondary wave and the dome component showed strong decelerations. Therefore, we propose
that the kinematical characteristics of the secondary wave can be explained with the aforementioned
possible reasons, in which the height-dependence of the fast-mode magnetosonic speed should be
more important than other reasons.
In most previous observations of EUV waves, only one or two wavefronts can be observed. For the
latter case, the slower wavefront often has a speed of about one third of the preceding faster one,
and they can well be interpreted with the hybrid model (e.g., Chen et al. 2002; Cohen et al. 2009;
Downs et al. 2012). Recent high-resolution AIA observations have demonstrated that sometimes the
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fast-component EUV wave can consist of two diffuse fronts, with the shallower one leading a broader
one (Grechnev et al. 2011); In addition, the slow-component EUV wave can also consist of multiple
small-scale ripple-like fronts, which may represent compression regions ahead of erupting loops (Liu
et al. 2010). The appearance of quasi-periodic wavefronts at a speed of fast magnetosonic wave or
shock in EUV should be interesting and important for understanding the formation mechanism and
physical properties of EUV waves. The discovery of multiple wavefronts with the fast-mode wave
nature can be dated back to Hudson et al. (2003), in which the authors identified the appearance
of multiple wavefronts in a few soft X-ray and EUV images. Gilbert & Holzer (2004) reported the
appearance of five wavefronts in the He I 10830 A˚ observations of the 2000 November 25 event.
Since their third one was cospatial with the “EIT wave”, according to the hybrid model proposed
by Chen et al. (2002, 2005), the first two wave fronts should be fast-mode waves. Clear evidence
of multiple fast-mode wave fronts came from Narukage et al. (2008), who showed three Moreton
waves in Hα images with time intervals being 2.5 minutes and 4 minutes, respectively. According to
Uchida’s model, the three Moreton waves are the chromospheric counterparts of fast-mode coronal
waves (or shock waves). Their velocities are 580, 1200, and 840 km s−1, respectively, which are the
typical fast-mode wave speed in the solar corona. They found that the three Moreton waves nicely
matched with three partial eruptions of a filament. Therefore, they concluded that filament eruption
is indispensable to the generation of Moreton waves, and the three fast-mode waves were generated
by successive eruptions of three parts of a filament. Interestingly, large-scale quasi-periodic EUV
wavefronts did appear in the numerical simulations presented by Chen et al. (2002, 2005). Although
not mentioned in the paper, when we look at their Figure 1 of Chen et al. (2002) and Figure 2
of Chen et al. (2005), one can clearly identify the separated multiple wavefronts following the first
CME-driven shock wave, with a time interval of 84–168 seconds. Here, the period of the present EUV
wave is 163± 21 seconds, consistent with the upper limit identified in Chen’s model. However, it is a
pity that the authors did not explain the formation mechanism of these quasi-periodic shocks in their
paper. One thing is clear that there is only a single filament eruption in their numerical simulation,
hence their quasi-periodicity has nothing to do with repetitive eruptions of filament patches. One
possibility is that the multiple fast-mode wave fronts are generated by the oscillation of the magnetic
field lines stretched by the erupting flux rope.
As a similar phenomenon, multiple wavefronts were identified in quasi-periodic propagating fast-
mode waves (e.g., Liu et al. 2011a; Shen & Liu 2012b; Shen et al. 2013b, 2018b; Nistico` et al. 2014; Qu
et al. 2017; Kumar et al. 2017; Ofman & Liu 2018; Li et al. 2018; Miao et al. 2019), which were found to
be strongly correlated with the pulses in the solar flare kernels (Nakariakov & Verwichte 2005; Li et al.
2015; Li & Zhang 2017; Li et al. 2017), and the two phenomena may be the different manifestations
of a common physical process. However, these waves typically have a narrow temperature range and
propagate locally along open or closed coronal loops (see the review paper Liu & Ofman 2014, and
the reference therein). The quasi-periodic wavefronts observed in the present study are large-scale
disturbances with a wide temperature range, and propagated both along and perpendicular to coronal
loops. Another difference between our multiple EUV wavefronts and the quasi-periodic propagating
fast-mode waves is that the EUV intensity increase of our EUV wave fronts is up to 10%–35%,
whereas the EUV intensity increase in the quasi-periodic propagating fast-mode waves is only 1%
– 5%. According to Chen (2016), the pressure pulse in solar flare kernels tends to generate weak
wave fronts with EUV intensity increase of 1% – 5%, whereas the CME-driven (or more precisely,
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erupting filament-driven) EUV waves are significantly brighter. These observational characteristics
spur us to make the conclusion that the observed multiple wavefronts are more like quasi-periodic
large-scale fast-mode EUV waves, rather than locally quasi-periodic propagating fast-mode waves
(e.g., Liu et al. 2011a; Shen & Liu 2012b; Shen et al. 2018b).
To figure out the excitation mechanism of the observed quasi-periodic EUV waves in the present
study, the periodicities of the associated flare and the unwinding structure of the erupting filament are
analyzed with the generic wavelet software presented by Torrence & Compo (1998), and the results
indicate that the periods of the associate flare light curve were largely different from the period of
the quasi-periodic EUV wave. This suggests that the observed quasi-periodic EUV wave should be
excited by other mechanisms rather than the nonlinear physical process in the magnetic reconnection
as quasi-periodic propagating fast-mode waves (e.g., Liu et al. 2011a, 2012; Shen & Liu 2012b; Shen
et al. 2013b, 2018b). It is interesting that the period of the quasi-periodic EUV wave is similar to the
period of the unwinding helical structure of the whip-like erupting filament in the source active region.
Considering the close temporal and period relationships between the quasi-periodic EUV wave and
the unwinding motion of the erupting filament, we therefore propose that the observed quasi-periodic
EUV waves were excited by the unwinding motion of the erupting helical filament. Here, we do not
exclude other possible physical mechanisms, for example, the shaking or oscillation of the erupting
filament, the dispersively evolution of an initially broad-band disturbance, and the interaction of the
foremost shock with macroscopic inhomogeneous coronal magnetic or plasma structures in or around
the source active region. To figure out which physical process excited the observed quasi-periodic
wave in the present study, further theoretical and numerical efforts are needed in the future.
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Figure 1. An overview of the flare and the initial topology of the eruption source region. Panels (a)–(c) are
respectively AIA 171 A˚ 304 A˚ and ChroTel Hα line center images before the eruption. The inset in panel
(a) is the close-up view of the active region filament. Lines L1–L6 are paths used to obtain time-distance
stack plots, and the active region numbers are indicated in panel (c). Panel (d) shows the GOES and
RHESSI X-ray fluxes, in which the different energy bands are plotted in different colors. Panel (e) shows
the normalized AIA lightcurves of the eruption source region as shown by the black box in panel (a).
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Figure 2. The eruption of the whip-like unwinding filament in the eruption source region. Panels (a) – (c)
and (d)–(f) are respectively the AIA and STEREO-B 304 A˚ images show the filament eruption in AR11467.
The blue arrows in panels (a), (d), and (e) point to the eruption directions of the filament, and the curved
arrows in panels (c) and (f) indicate the rotation direction of the unwinding filament. Panels (g) and (h) are
AIA 304 A˚ images show the small plasma ejecta in AR11469, and the white arrows indicate the eruption
direction. An animation is available. The top panels show the AIA observations of the AR11467 and
AR11469 filament eruptions. These start on 24 April 2012 07:00:08 and end the same day at 08:34:56. The
bottom panel is the STEREO-B observation of AR11467 running from 24 April 2012 70:06:15 to 05:56:15.
The duration of the video is 10 seconds.
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Figure 3. The morphology and propagation of the quasi-periodic EUV wave. Top and middle rows are AIA
193 A˚ and 171 A˚ running ratio images, respectively. In each panel the white dotted curve indicates the solar
limb. The blue dashed curves in panels (b) and (c) indicate the deformation of the first wavefront, while
the white dashed curves in panel (e) mark the wavefronts along the closed transequatorial loop system. The
white arrow in panel (f) points to the brightening caused by the wave at the loop’s southern end. Panel (g)
is a ChroTel Hα running difference images, and the red dashed curve indicates the Moreton wave. Panel
(h) is a STEREO-B 195 A˚ running difference images, and the white dotted curve marks the dome-shaped
EUV wave. Panel (i) shows the dynamic spectra of RSTO, the white dashed line is a linear fit of the center
frequency of the fundamental band of the radio type II burst. An animation showing the AIA 193A˚ and
171A˚ direct images and their running ration images. The animation begins on 24 April 2012 07:00:19 and
end the same day at approximately 08:20. The video duration is 8 seconds.
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Figure 4. Time-distance stack plots along paths L1–L6 as shown in Figure 1. Panel (a) is made from AIA
193 A˚ running ratio images, which show the quasi-periodic EUV waves along the solar surface. Panels (b)
and (c) are made from AIA 193 A˚ and 171 A˚ base ratio images, and they show the waves above AR11469
and along the closed loop system, respectively. Panel (d) shows the eruption of the active region filament.
Panels (e) and (f) are made from AIA 171 A˚ and 304 A˚ direct images, and they respectively show the
transverse oscillations of the closed transequatorial loop system and the quiescent filament. The dashed
curves overlaid in panels (a) and (b) are quadratic fit to the wavefronts, while the straight dashed lines in
panels (c) and (d) are linear fits to the wavefronts along the closed loop system and the erupting filament.
The white horizontal dashed lines in panels (a) and (d) indicate the positions where the intensity profiles
are used to analyze the periodicities of the EUV wavefronts and the unwinding helical structures of the
erupting filament. The white plus sings in panels (d) and (e) are the measured points of the oscillating loop
(filament), while the blue curves are the corresponding fitting results with a damping function. The derived
speeds, accelerations, and oscillation parameters are also plotted the figure.
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Figure 5. Intensity perturbation profiles of the wavefronts along the solar surface in the southeast direction.
Panel (a) shows the percentage intensity profiles of the wave at different times, and they are obtained from
the AIA 193 A˚ images. The lowest and the uppermost ones are respectively the intensity profiles at 07:43:31
UT and 07:51:55 UT, and the time interval for neighbouring profiles is 24 second. The red arrows indicate
the first three wavefronts. Panels (b) and (c) are the intensity profiles at 07:45:07 UT and 07:48:43 UT,
respectively.
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Figure 6. Periodicity analysis of the EUV wave, the associated flare, and the unwinding helical filament
structure. Panels (a) and (b) are the power maps of the detrended intensity profiles along the horizontal
white dashed lines as shown in Figure 4 (a) and (d), respectively. Panel (c) is the wavelet map of the
RHESSI hard X-ray flux in the energy band of 12–25 keV, while panels (d)–(j) are wavelet maps of the AIA
flare lightcurves obtained within the flaring region at the AIA’s different EUV channels. In each power map,
redder color corresponds to higher wavelet power, and the corresponding periods are also indicated in the
power maps as horizontal white dashed lines, in which the period errors are given by the half width at half
maximum of the power peaks.
